Abstract Despite the ecological and commercial importance of grey mullets (fish family Mugilidae), their taxonomy and systematics are still much debated. Reasons for this are the low level of morphometric variability and the relatively poor phylogenetic information borne by the morpho-anatomical characters used thus far in diagnosing species. Here, we evaluate the potential of DNA barcoding to accurately delineate species and assign unknown specimens to taxa in the family Mugilidae. Our reference sample consists of 257 individuals from 91 lineages characterized by their nucleotide sequences at the COI, cytochrome b, and 16S rRNA loci. These lineages correspond to 55 species according to the current taxonomy, and 36 presumed cryptic species. All known and presumed cryptic species within the 'Mugil cephalus' (n = 15) and 'M. curema' (n = 6) species complexes, as well as within genera Chelon (n = 10), Crenimugil (n = 6), Osteomugil (n = 6), and Planiliza (n = 18) were successfully recovered as distinct lineages by COI gene sequences (598 bp), demonstrating the utility of this marker to delineate species in the family Mugilidae. Inconsistencies in the labeling of sequences deposited in GenBank were ascribed to species misidentification. A proportion of these misidentifications occurred in the course of dedicated barcoding surveys, further emphasizing the need for an accurate
Introduction
In the preamble to the eleventh volume of his and G. Cuvier's Histoire naturelle des poissons, Valenciennes (1836) confessed that their treatment of the Mugilidae had been a particularly laborious one: ''La première famille dont nous traçons l'histoire dans ce volume est une de celles qui nous ont donné le plus de peine, à M. Cuvier et à moi''. Leading taxonomists of the Mugilidae or grey mullets have emphasized the remarkably uniform appearance of fishes in this family, making straightforward diagnoses almost impossible for many species (Schultz 1946; Thomson 1966 Thomson , 1997 Harrison and Senou 1999) . As a possible consequence of these difficulties, grey mullets are often under-represented in field guides and other books on coastal fishes (e.g. Randall 1992; Shao et al. 1992; Allen 1997; Laboute and Grandperrin 2000; Randall 2005) . Also, no morphology-based identification key is available for larvae and juveniles of the family Mugilidae \60 mm standard length (Thomson 1997; Leis and CarsonEwart 2001) although some keys to Mugilidae species from particular areas have been proposed (van der Elst and Wallace 1976; Serventi et al. 1996) .
Catalogues that identify commercial fishes from tissue samples using genetic markers or mass spectrophotometry techniques ignore a proportion of species in the Mugilidae, if not the family as a whole (e.g., Durand et al. 1985; Mazzeo et al. 2008) . Ecological surveys and ichthyological inventories frequently fail to identify grey mullets to species (e.g. Chabanet and Durville 2005; Veiga et al. 2010; Franco et al. 2012; Pogoreutz et al. 2012) or even to mention them (e.g., Mellin et al. 2016) . Only 16 grey mullet species among a total of 51 listed by the Food and Agricultural Organization of the United Nations possess fishery statistics (http://www.fao.org/fishery/collection/asfis/en).
Yet, the accurate identification of grey mullets is fundamental to marine biodiversity research, as many species in this family are important from the point of view of the functional ecology of coastal ecosystems, including estuaries, mangroves, reefs, and lagoons (Blaber 1976 (Blaber , 2000 Lebreton et al. 2011; Chang and Iizuka 2012; Whitfield et al. 2012) . Grey mullets are a valuable food resource and source of income for local communities in many tropical and temperate countries (Harrison and Senou 2002; Bernardon and Vall 2004; Guillemot et al. 2009; Jollit et al. 2010; Crosetti and Blaber 2016) and several species are of major importance to fisheries (Harrison and Senou 2002; Bacheler et al. 2005; Whitfield et al. 2012) . Some mugilid species are also produced through intensive aquaculture (Harrison and Senou 1999; Gautier and Hussenot 2005; Whitfield et al. 2012; Crosetti and Blaber 2016) .
Molecular phylogenetics has demonstrated the occurrence of distinct and sometimes paraphyletic deep mitochondrial lineages in a proportion of the mugilid species, indicating a proportion of putative cryptic species (Shen et al. 2011; Durand et al. 2012b; McMahan et al. 2013; Durand and Borsa 2015) . As a consequence, the species richness of the family Mugilidae is thought to be currently underestimated and possibly largely so (Durand and Borsa 2015) . DNA barcoding is expected to offer a shortcut to accurately identify grey mullets but also to delineate species and help flag presumed cryptic species. However, a first necessary step is to test whether the nucleotide sequence of the COI gene fragment used as the universal barcode in fishes (Ward et al. 2009 ) is powerful enough to distinguish both known species and presumed cryptic species in the Mugilidae. The aim of this paper is to assemble a comprehensive DNA-barcode library for grey mullets and to evaluate its effectiveness for identification to species.
Materials and methods

Nomenclature
In this paper, genus nomenclature accords with the revisions of Durand et al. (2012a) and Xia et al. (2016) . Nomenclature at the species level follows Durand and Borsa (2015) .
Choice of a reference database Durand et al.'s (2012a, b) trees based on concatenated partial 16S rRNA, COI and cytochrome b (cytb) gene sequences (3885 bp long in total) of 257 reference specimens including 120 vouchers deposited in museum collections were used for the delineation of species and presumptive species (Durand and Borsa 2015) . This is the reference database now used to assess the quality of DNA barcoding in Mugilidae.
Genetic marker and evolutionary model
The marker here chosen as DNA barcode in Mugilidae was a 598-bp fragment of the COI gene comprised between nucleotide sites homologous to sites nos. 5624 and 6221 of the mitochondrial genome of Mugil sp. I (GenBank KM368340). The model of molecular evolution chosen for reconstructing the phylogeny of haplotypes was the Kimura 2-parameter (K2P) model (Kimura 1980) . The algorithm used for constructing DNA-barcode trees was the Neighbor-Joining (NJ) algorithm (Saitou and Nei 1987) , based on K2P divergences. We are aware that the K2P model is not necessarily the most appropriate model to estimate nucleotide divergence between closely related COI gene sequences (Srivathsan and Meier 2012) . Also, depending on the extent of sequence divergence and the length of the marker, the distance-based NJ algorithm may not always be as accurate as the character-based maximum-likelihood algorithm (Tateno et al. 1994) . However, NJ trees of K2P distances have been the standard in barcoding surveys since the beginning of the COI barcoding initiative (Hebert et al. 2003) . The first objective of the present work being to assess the utility and quality of standard COI barcodes in identifying grey mullets to species, standard data analysis had to be employed. Thus, for the purpose of the present work, we found no particular reason to switch to another model of molecular evolution and to another method of tree reconstruction.
Typology of genetic surveys of Mugilidae
Partial COI gene sequences deposited in GenBank and labeled as Mugilidae were downloaded on 21 February 2015. These were added to the COI gene sequence dataset of Durand et al. (2012a, b) with two objectives: (1) to eventually detect lineages that had not been sampled previously; (2) to eventually detect labelling errors of in the GenBank database.
Sequences from GenBank that did not include the entirety of a core segment 538-bp long, comprised between nucleotide sites nos. 5637 and 6173 in the mitochondrial genome of Mugil sp. I here used as a sequence of reference for the family (GenBank KM368340) were discarded. Sequences GenBank JF952795 and JF952796, labeled ''Mugil cephalus'' were also discarded because they clustered with the carangid Seriola sp. (see below). A total set of 829 partial COI-gene sequences, including the 261 sequences of Durand et al. (2012a, b) and 568 other sequences from GenBank, was used to produce an NJ tree of Mugilidae thus based on a segment 538-bp long.
Published genetic surveys of Mugilidae whose COI gene sequences were utilized in this paper (Supplementary Table S1 ) were categorized as ''barcoding'', ''phylogeny'' or ''phylogeography'' depending on their aims and content. For sequences from unpublished surveys, the category was inferred from the information provided in the GenBank record. ''Barcoding'' surveys were those aimed at providing COI gene sequences for the sole purpose of identifying species. ''Phylogeny'' surveys were concerned with the phylogeny or the molecular systematics at the supra-specific level. ''Phylogeography'' surveys were concerned with the genetic relationships among populations within a species or within closely related species of the same genus.
Results
Partial COI gene sequences as barcodes in grey mullets
The NJ tree of the COI barcodes of 54 individuals of the M. cephalus species complex (Fig. 1a) had the same basic topology as, and recovered all 15 lineages of Durand and Borsa's (2015) ML tree based on the concatenated partial COI, cytb and 16S rRNA gene sequences ( Supplementary Fig. S1a ). This included M. cephalus, M. liza, and 13 other lineages denominated Mugil spp. A-L, Q (Durand and Borsa 2015) . Bootstrap support to a lineage was C95% except for Mugil sp. H (72%) and Mugil sp. I (60%) (Fig. 1a) .
The NJ tree of the COI barcodes of 38 individuals of the M. curema species complex Durand and Borsa (2015) ( Fig. 1b) had almost the same topology as, and recovered all six lineages of Durand and Borsa's (2015) ML tree based on the concatenated partial COI, cytb and 16S rRNA gene sequences (Supplementary Fig. S1b ). Bootstrap support to a lineage was 98-99% (Fig. 1b) . The NJ tree of the COI barcodes of 52 individuals of the genera Crenimugil and Osteomugil (Fig. 2a) had almost the same topology as Durand et al.'s (2012b) ML tree based on the concatenated partial COI, cytb and 16S rRNA gene sequences ( Supplementary  Fig. S2a ). All 12 lineages identified by Durand and Borsa (2015) were recovered in the COI tree. This included C. buchanani, C. crenilabis, three lineages under C. seheli designated as Crenimugil spp. A-C, an unidentified Crenimugil sp. sampled in Fiji and Taiwan (Crenimugil sp. D), three lineages under O. cunnesius referred to as Osteomugil spp. A-C, O. engeli, O. perusii, and O. robustus. Bootstrap support to a lineage was 97-100% (Fig. 2a) .
Likewise, all of the 28 lineages previously scored in the genera Chelon and Planiliza ( Supplementary  Fig. S2b ) were recovered in the NJ tree of the COI barcodes (Fig. 2b) , with bootstrap support to a lineage varying from 89 to 100%.
Distribution of pairwise distances
The distribution of pairwise nucleotide distances based on the partial COI gene sequence dataset used for constructing the NJ tree of the M. cephalus species complex (Fig. 3a) showed three modal classes, at 0-0.5, 1.5-2.0, and 3.5-4%. Within-species (including presumed cryptic species) pairwise distances were all \1%, more than 90% of which were \0.5%. Interspecies distances ranged from 0.5 to 6.6%. Thus, the first peak of the distribution corresponded mostly to intra-lineage distances whereas distances [1% exclusively concerned comparisons of haplotypes belonging to different lineages. The distribution of pairwise nucleotide distances in the M. curema species complex featured two non-overlapping modes peaking at 0-0.5% (range 0-2.3%) and at 5.5-6.0% (range 3.1-9.2%), respectively (Fig. 3b) . The first mode exclusively consisted of within-lineage pairwise distances, whereas the second mode included all interlineage pairwise distances. In the genera Osteomugil and Crenimugil, pairwise nucleotide distances within a lineage were all \3.5% whereas inter-lineage nucleotide distances were all [3.5% (Fig. 3c) . In the genera Chelon and Planiliza, pairwise nucleotide distances within a lineage were all \3% whereas inter-lineage nucleotide distances were all [4% (Fig. 3d) .
New or undetermined mugilid lineages found by mining GenBank
The inclusion of all COI gene sequences available from GenBank ( Supplementary Figs. S3-S9 ) uncovered 12 new mugilid lineages, i.e. lineages that were not present in our reference database (Durand et al. 2012a, b; Durand and Borsa 2015) .
Haplotypes labeled ''Agonostomus monticola'' (GenBank JQ935845-JQ935849; Mejia et al. 2012) clustered as a new lineage sister to two other Dajaus spp. lineages (Dajaus monticola, Dajaus sp. B). These haplotypes likely belong to another yet undetermined species in the genus Dajaus (Supplementary Fig. S3) .
A new Mugil sp. lineage was represented by three haplotypes from Saõ Paulo, Brazil (GenBank JQ365444-JQ365446; Ribeiro et al. 2012 ) and three from Belém, Brazil (GenBank JX185216-JX185218; Siccha-Ramirez et al. 2014); all six sequences were labeled ''Mugil hospes''. This lineage was sister to Mugil sp. R ( Supplementary Fig. S3 ), of which it was separated by 7.5% nucleotide divergence at the COI locus, and corresponded to the recently resurrected species Mugil brevirostris (Menezes et al. 2015) . Two new Mugil spp. lineages labeled ''Mugil cephalus'' in GenBank, represented each by 5-6 individuals sampled in Turkey (GenBank KC500933-KC500946; Keskin and Atar 2013) were sisters to M. cephalus ( Supplementary Fig. S4 ) and were separated from it by 1.1-1.2% nucleotide divergence at the COI locus. A haplotype originally labeled ''Mugil curema'' (GenBank DQ441603; Heras et al. 2006 ) was placed externally to the haplogroup representing the M. curema species complex as defined by Durand et al. (2012b) (Supplementary Fig. S3 ). This haplotype likely belongs to another yet undetermined or unsampled species in the genus Mugil. Also in the M. curema species complex ( Supplementary Fig. S5 ), the recently-described M. margaritae (Menezes et al. 2015) corresponds to lineage Mugil sp. N of Durand and Borsa (2015) . Last, two specimens labeled ''Mugil cephalus'' (GenBank JF952795, JF952796) placed at an odd position on a preliminary version of the NJ tree Rev Fish Biol Fisheries (2017) Durand and Borsa (2015) and by its geographic origin. Vertical grey bars on the right of the tree indicate COI haplotype clusters; vertical black bars indicate the lineages previously uncovered by the mitochondrial phylogeny of Durand et al. (2012b) . Bootstrap score indicated at a node when [50%. a Species in the genus Crenimugil including C. buchanani, C. crenilabis, and Crenimugil spp. A-D of Durand and Borsa (2015) and in the genus Osteomugil, including O. cunnesius, O. engeli, O. perusii, O. robustus, and Osteomugil A, B of Durand and Borsa (2015) . b Species in the genus Chelon including C. auratus, C. bandialensis, C. dumerili, C. labrosus, C. ramado, C. richardsonii, C. saliens, C. tricuspidens, and Chelon spp. A-B of Durand and Borsa (2015) and in the genus Planiliza, including P. abu, P. affinis, P. alata, P. haematocheila, P. macrolepis, P. melinoptera, P. ordensis, P. subviridis, and Planiliza A-J of Durand and Borsa (2015) (not shown) turned out to be likely Seriola sp. as inferred from their 99-100% homology with sequences of S. lalandi (GenBank EU752208) and S. quinqueradiata (GenBank EU752208, HQ641665-HQ641667, KF202527 Supplementary Fig. S6 ) and was separated from the latter by 4.1% nucleotide distance. This haplotype may effectively represent O. speigleri, which was absent from our reference database (Durand and Borsa 2015) or it may belong to another yet undetermined or unsampled species in the genus Osteomugil. A haplotype labeled ''Sicamugil cascasia'' (GenBank JX260972; Rathod et al. 2015) , turned out to be placed within the Osteomugil clade as a lineage distinct from all known Osteomugil spp. lineages ( Supplementary  Fig. S6 ). With a nucleotide divergence of 13.8% from its closest relative Osteomugil sp. B, this haplotype likely belongs to an undetermined or unsampled species in the genus Osteomugil.
No new lineage belonging to genera Crenimugil or Chelon was recovered (Supplementary Figs S7, S8) . The haplotype of an individual labelled ''Chelon planiceps'' from Vellar, Bay of Bengal (GenBank JQ045784) was placed outside Durand and Borsa's (2015) Planiliza sp. F and sp. I [both formerly under P. tade, senior synonym of P. planiceps (Eschmeyer et al. 2016) ] and all the other Planiliza spp. lineages sampled by Durand et al. (2012b) (Supplementary  Fig. S9 ). This haplotype represents an undetermined lineage (Planiliza sp. of Supplementary Fig. S9 ) sister to P. subviridis. The haplotypes of two individuals labeled ''Sicamugil cascasia'' (GenBank JX983495, JX983496; Khedkar et al. 2014) were placed in the Planiliza clade, as a new lineage distinct from all other known Planiliza spp. lineages ( Supplementary  Fig. S9 ). This lineage represents another undetermined Planiliza sp. (Supplementary Fig. S9 ) closely related to P. subviridis and to the Planiliza sp. lineage represented by GenBank JQ045784 (see above). The haplotype of an individual from an undetermined species assigned to genus Liza (GenBank KC970393) formed a distinct lineage within Planiliza spp., which had not been previously sampled by us (Supplementary Fig. S9 ). Therefore, we assigned it to another undetermined Planiliza species. The haplotype of an individual labeled ''Liza melinoptera'' from the Philippines (GenBank KJ202170) formed a lineage sister to Durand and Borsa's (2015) Planiliza sp. G. This lineage likely represents a species distinct from Planiliza sp. G because of the substantial nucleotide divergence (4.5%) with the latter.
Assessing the accuracy of published data Among the 572 sequences retrieved from GenBank, 358 were linked to surveys assigned to the 'Barcoding'' category, 90 were taken from 'Phylogeny' surveys, and 123 pertained to 'Phylogeography' surveys. Four hundred fifty two species labels matched our reference database, 84 were mismatches and the remainder could not be determined as matches or mismatches (Supplementary Table S1 ). Seventy six (90.5%) mismatches were from 'Barcoding'-type surveys and the remaining eight (9.5%) were from 'Phylogeny'-type studies (Supplementary Table S1 ). Therefore, mismatches were much more frequent in 'Barcoding' studies than in 'Phylogeny' and 'Phylogeography' studies (Chi 2 test; P \ 0.001).
Discussion
In this study, we showed that a 598 bp-long fragment of the COI gene is an adequate marker for identifying individuals to species in the Mugilidae family. This DNA barcode enabled us to detect misidentifications in previously published barcoding studies. This in turn enabled us to assign corrected species names to all mugilid COI gene sequences currently accessible in GenBank.
The COI gene fragment as barcode in Mugilidae
The Mugilidae has long been recognized as a difficult family regarding morphology-based taxonomy and species identification, due to the high level of morphological conservatism among species. We expected that the COI gene would provide a welcome alternative to morphological characters for identification to species in the Mugilidae. All currently recognized species and presumed cryptic species within genera Crenimugil, Osteomugil, Chelon and Planiliza and within the M. cephalus and the M. curema species complexes (Durand and Borsa 2015) were successfully recovered by using the sole COI-barcode. A barcoding gap was observed in five out of the six test groups used for the present survey, namely the M. curema species complex and the genera Chelon, Crenimugil, Osteomugil and Planiliza. A barcoding gap was also visible in the M. cephalus species complex, except that a small percentage of intralineage pairwise genetic distances between haplotypes were overlapping with those between lineages. The strength of the present results stems from the fact that a proportion of the species were sampled distribution-wide. For instance, several Indo-West Pacific species of the genera Planiliza, Osteomugil and Crenimugil were sampled from both the western Indian Ocean, the Coral Triangle (Taiwan, Philippines, West Papua) and the western Pacific. Both the M. cephalus and M. curema species complexes were sampled distribution-wide, with few geographic gaps. For these species complexes, barcoding gaps are unlikely to be artifacts resulting from loose geographic sampling. Thus, COI sequences provide molecular evidence to species delineation where traditional morphological characters may be poorly diagnostic if not mostly helpless, e.g. for distinguishing cryptic species within the M. cephalus species complex. The present results indicate that COI-barcoding is a powerful tool to identify species in, at least, the five most speciose genera of the family Mugilidae.
Inconsistencies in publicly available sequence databases
All COI gene sequences of Mugilidae presently available from GenBank were screened against our reference barcode database. A number of inconsistencies in the species labeling of sequences deposited in GenBank were observed. Further, a substantial proportion of the COI gene sequences downloaded from GenBank presented species labels different from our reference sequence database. A mismatch may either indicate mitochondrial introgression of an individual correctly identified to species, or result from misidentification, or be caused by the inadvertent inversion of samples at some stage in the experiments or by contamination. In a number of cases (N = 28), the mitochondrial lineage belonged to a genus different from the one assigned to the sequence in GenBank (e.g. P. affinis for GenBank's ''Valamugil engeli''). In the other cases (N = 52), the sequence apparently belonged to a distantly related species within the same genus (e.g. M. trichodon for GenBank's ''Mugil cephalus''; P. affinis for GenBank's ''Liza subviridis''). Therefore, we deemed the introgression hypothesis unlikely, because the mismatches concerned either species from different genera, or phylogenetically distant species within a genus, but not phylogenetically close species within a genus. We are then tempted to consider that most if not all mismatches in the published dataset that we examined likely correspond to misidentifications. Another possibility is contaminations from other samples at one of the different steps of the barcoding process. This would explain the confusion between sequences from different fish families.
DNA barcoding studies are supposed to provide reference nucleotide-sequence databases to be used in subsequent ecological, fisheries, food and other types of studies that use DNA barcodes to identify species. The likely misidentifications of mugilid species in GenBank were more frequent in barcoding studies than in the two other types of studies that require the use of genetic markers (namely, phylogeny and phylogeography) and where accurate identification to species is also fundamental. Failure of some barcoding studies to provide accurate species identification possibly relate to the difficulty to gather a reliable systematic expertise for a wide range of fish taxa, which is the case when the DNA barcoding approach is done from a bulk sampling that did not target specific families, as do phylogeny surveys, or species, as do phylogeographic surveys. The present survey thus implicitly confirms that species in the family Mugilidae are particularly difficult to identify using morphological characters, and all the more emphasizes the utility of sound DNA barcoding in this family.
Potential use of the COI gene fragment for the taxonomic revision of Mugilidae DNA-barcoding also proved a valuable tool to extend the Linnean approach to taxonomy in grey mullets.
Overall, 97 deeply rooted lineages were observed in the present study, which we previously assumed to be likely distinct species (Durand and Borsa 2015; present study) . A small majority (53) of these species have a valid name, while the remaining 44 have yet to be either resurrected or described anew. Therefore, considerable effort is still required to clarify the taxonomy of species in the family Mugilidae. Because it can now be assumed with a high degree of confidence that COI barcodes are diagnostic to most if not all mugilid species, they should become useful, and even essential to their delineation.
